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Abstract— The final goal of this project is to design an
advanced robotic sampling mechanism that can be deployed by
an unmanned aerial vehicle (UAV) to obtain small objects. The
focus of this part of the research is only on designing the
lightweight, foldable robotic arm for this system. The arm will
be designed to utilize Sarrus linkages to efficiently retract and
extend. This arm has one degree of freedom and the motion in
this arm can be controlled by torsional springs and one actuator.
In the final design, the arm, initially, will be in the retracted
position, which will allow it to be stored in a streamlined case to
minimize interference with the objects in the path of the drone
as it flies. Once the drone has reached the desired location, the
arm will extend to its full length to reach the target object. In
this paper, a foldable arm has been completely analyzed,
designed in SolidWorks, and a prototype of it was built and
successfully tested. In the next stage of this project, a novel
gripper would be designed for this mechanism.

Keywords— Single Motor, Minimum Actuation, Foldable
Mechanisms, Robotic Arm, Drone, UAV, UGV, Quadcopter, One
Degree of Freedom, Sarrus linkage.

I. INTRODUCTION

When considering advances in the technology of
unmanned and autonomous systems in the modern age, using
drones comes to the center of attention. With the potential to
be specially designed for complex tasks and harsh
environments that are either too dangerous or too ill-suited for
humans, drones are at the forefront of exploration and
innovation, while simplifying tasks such as delivery and
transportation. Having manipulators and detection systems for
ground vehicles is very common [15], [16] while it is not that
common in UAVs. A key step towards expanding the
capabilities of drones is producing systems to allow a drone to
grasp and manipulate objects. Coupling a manipulator with
an unmanned aerial vehicle — with the ability to pass obstacles
and rough terrain which is too difficult for either humans or
autonomous ground vehicles — is of particular interest [13],
[14].

Some simple grippers can be designed that are actuated by
tendons. Such a gripper can be easily connected or even
incorporated inside of the body of drones. Alternatively, a
very lightweight, cylindrical net can be affixed to the bottom
of the drone. By leaving the bottom of the net open, and
actuating it via the use of twisting ropes, it can be made to
constrict around objects [10]. While these systems are useful
and lightweight, such designs without an extendable robotic
arm are limited in their utility. For instance, they cannot
acquire objects that are positioned under another object (such
as fruits hanging underneath the tree).

A resembled human arm and hand design with a shoulder,
upper arm, elbow, lower arm, wrist, and hand is both familiar
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(aiding human operators) and flexible (allowing for complex
operations) [1]. By adding multiple such arms, the capability
and flexibility of the drone can be greatly increased [2]. Such
designs have near omnidirectional mobility, the ability to
grasp objects of considerable size and perform tasks beyond
traditional manipulators. In a similar design, the manipulators
are removed, and instead, a pair of arms are used to grasp
objects. Such a design offers similar flexibility to a humanoid
arm but does not require a complex manipulator with a set of
actuators [3], [4]. However, such a design is not ideal for every
application. For simple tasks, flexibility does not add
anything, similar to how the human arm is unnecessary for an
autonomous system, and the excess actuators and joints,
considerably increase the weight of the drone.

Using foldable three-dimensional linkages potentially
offers the required degree of freedom to the robotic arm for
most of the tasks, while the required space will be reduced.
By arranging a “cage” of folding rods between two baseplates,
the lower plate can be moved in virtually any direction by
actuating the connections to the upper plate [5]. This style of
design can overcome one of the challenges of creating an
aerial manipulator: stability [6]. However, such a design still
requires multiple actuators to operate each rod and like the
humanoid arm, still offers more flexibility than is required for
simple tasks.

More complex linkages, possessing two separately
moving but related appendages, can incorporate a
counterbalance system [9]. This kind of arm addresses one of
the major hurdles for UAV manipulators. Unlike terrestrial
vehicles, aerial vehicles operate in an unstable environment
and they must be able to support the whole weight of the
system and maintain their orientation. Using such a
mechanism can be a good option, which increases the stability
of the system in exchange for increasing the weight of the arm.
Alternatively, by reducing the total weight of the arm, the size
of the arm can be maintained, while still reducing the overall
effect of the arm on the center of gravity and balance.

Two-dimensional linkages plus the motions from drones
allow for using fewer actuators for doing tasks. A design
utilizing a five-bar linkage and three actuators to rotate the arm
about the body of the drone and using the motion of the drone
to compensate for what freedom is lost, allows this
manipulator to do its tasks with fewer actuators [7]. By relying
more on the motion from drones, it is possible to eliminate
more actuators.

Using tension, it is possible to produce a unique gripping
mechanism that utilizes only one actuator. A “finger” that is
flexible on one side, but rigid on the other, can be forced to
bend by applying tension to a cable attached to the flexible
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side. If the gripper is made of multiple fingers, the fingers can
wrap around the target object and it can act as a form-closed
grasper [8]. This manipulator utilizes minimal actuation;
instead of relying on heavy actuators, such a design utilizes
alternative sources of force — in this case, gravity —to move.

Il. MECHANISM COMPONENTS AND MATERIAL

A. Components

The base element of this arm is a Sarrus linkage. Each
linkage consists of four hinged sides, comprised of two plates,
and connected to central main plates by revolute joints. The
central joint between the side plates is operated by a torsional
spring, set to hold the hinge in the open or extended position.
The ends of the linkages match one another, allowing the end
of one linkage to be the start of the next linkage. All main
plates possess a central hole, except the end main plate, which
possesses an anchor point. The first plate is connected to a
rotating pulley, to be driven by a rotary actuator. A cable,
coiled around the pulley, passes through the central holes and
is secured to the anchor point on the final main plate. The main
parts of this mechanism are shown in Fig. 1 and Table 1.

TABLE I. COMPONENT LIST
Part Number Part Quantity
1 Motor Main Plate 1
2 Main Plate 1
3 End Main Plate 1
4 Tether 1
5 Drum 1
6 Side Plate 16
7 Pin 20
8 Pin Nut 20
9 Spring 8

B. Material

Fig 1. Component view

The prototype of this arm has been made of Acrylonitrile
Butadiene Styrene (ABS) plastic, and a pliable rubber-coated
wire, serving as the central cable. Overall, this prototype
weighs roughly 450g (0.45 kg). Based on the primary
consideration for minimization of the weight of the arm, and
selecting material with low density and high strength, ABS is

an appropriate choice. While the weight of the intended
payload for the mechanism is minor, the structure needs to be
able to support the payload and its own weight at its maximum
extension. ABS possesses a yield strength between 13 and 65
MPa, with a density of 1003 to 1193 kg/m”3. Low-grade
aluminum alloys are a possible alternative. For example,
aluminum 3003, has a density of 2733 kg/m”3, but offsets the
increase in weight with greater strength; having a tensile yield
strength of 124 MPa. Other types of plastic, such as Nylon 6
with a density of 1072 to 1297 kg/m”3 and a tensile yield
strength ranging from 34 to 186 MPa, are also viable options.

I1l. KINEMATICS ANALYSIS

A. Motion Analysis

Without any force applied to the pulley, the torsional
springs force the hinged sides of each Sarrus linkage into their
open or extended position. Fig. 2 is related to this arm in the
open and fully extended position. By actuating the pulley, the
cable can be spooled around the pulley, applying force to the
final plate, and pulling it towards the first plate. As the final
plate moves towards the first plate, the springs are
compressed, closing the hinges, and bringing the entire
structure into its collapsed position. When the cable is allowed
to unspool again, the springs return to their rest positions,
causing the arm to unfold into its extended position. Fig. 3
shows the complete motion of this mechanism from fully
extended to completely collapsed positions.

Fig 3. The motion of the foldable arm with Sarrus linkages from fully
extended to collapsed positions

When the arm is collapsed, extended length is converted
to perpendicular width. The relationships for an optimized
arm (with main plates designed to rest face on the face when
fully collapsed) between collapsed width, extended length and
collapsed length are described by (1) through (3).



W =2L,+1L, (1)
Extended Length = 2(N, — 1) x (L) (2)
Collapsed Length = Ny X t,, = (N, — 1) X 2t; (3)
W = Collapsed Width
L, = Side Plate Length
L, = main Plate Length
N, = Number of Base Plates
t, = thickness of Base Plates

ty = thickness of side Plates

The extended length can be increased either by increasing
the length of the side plates (which will increase the width of
the collapsed arm) or by increasing the number of segments
(which will increase the length of the collapsed arm). A
prototype of this mechanism with a side plate length of 2.5 cm,
the main plate thickness of 0.85 cm, and a width of 3.8 cm,
can be fit in an 8.9 cmx8.9 cmx5 cm box. This mechanism
can be extended for a maximum extension of 20.5 cm.

B. Mobility and Force Analysis

As it was mentioned, this arm is made of several Sarrus
linkages. Because of the similarity between these linkages,
mobility analysis for one of them would apply to the whole
system. Fig. 4 shows the kinematic sketch for one Sarrus
linkage in this arm. The links in this figure are shown with
integer numbers while the joints are tagged with Roman
numbers. Each Sarrus linkage consists of two main plates
which are connected by eight side plates (two plates on each
side) from four sides. According to this figure, each Sarrus
linkage is made of 10 links and 12 revolute joints. This
kinematic sketch is only a schematic model for mobility
calculation purposes and the size and position of links are not
on an accurate scale.

Fig 4. Kinematic sketch of a Sarrus linkage with four sides (a 3D
mechanism which is shown in 2D)

This mechanism is a 3-dimensional structure that moves
in space. Equation (4) is the Chebychev—Gribler—Kutzbach
(K.G.C) equation which is also called the mobility equation

(spatial case) and can be used for finding the mobility of this
mechanism.

D.0.F.=6(L-1)—¥_,(6-fi) (4)

L = Number of links
J = Number of joints
f; = degree of freedom for each joint

Based on (4) and the following information the mobility
of the Sarrus linkage has been calculated in (5).

L=10, j=12, fi=1
D.0.F.= (6 x9)— (12X 5) = —6 (5)

However, in reality, this system is not an over-constrained
mechanism (a negative degree of freedom). Because of
symmetry in the Sarrus linkage, one set of links from each side
can be removed (keep two perpendicular sets of links). In
other words, because two sides of Sarrus linkage (purple-
brown) in Fig. 4 are completely symmetric with the other two
sides of linkage (blue-green), one of the pair from each side
can be removed from the mechanism (for better
understanding, look at the links with similar color in Fig. 2 and
Fig. 4). Fig. 5 presents the kinematic sketch of the mechanism
after removing the corresponding extra links (Blue links from
one side and pink links from other side are removed).
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Fig 5. Kinematic sketch of Sarrus linkage without symmetric links

The motion of this mechanism is still a spatial case
because we have two perpendicular sets of links. Note that in
this simplification for Sarrus linkages, we cannot keep two
parallel sets of links (that will increase the required degree of
freedom). For this simplified model, the degree of freedom has
been calculated in equation (6).

L=6, J=6, f=1
D.0.F.= (6X5)—(6x5)=0 (6)

As it can be seen, the mobility of the system is reduced to
0 but still, it is over-constrained. In Fig. 5, the mechanism has
two similar motions, one in the x-z plane and one in the y-z
plane. Because the links are completely identical and the links
made a 90-degree angle with each other, this is a unique case



that with some changes can be shown as a planar case. To
solve this issue this mechanism can be simplified to the one
shown in Fig. 6. In this case, the links on one side can be
replaced by a prismatic joint (slider) to reflect how this
mechanism operates in the plane.

Fig 6. Kinematic sketch of simplified Sarrus linkage

Equation (7) shows the mobility for the planar case. Based
on the number of joints and links in the simplified model (Fig.
6), and using the K.G.C equation for the planar case, the final
mobility of a Sarrus linkage is found in (8) which is equal to
1. Given the mechanism aligns all Sarrus Linkages along the
same axis, it maintains a single degree of freedom, and needs
one actuator to move and perform tasks.

D.0.F.=3(L-1)-Y_,(3—f) (6)

L = Number of links
J = Number of joints
f; = degree of freedom for each joint

L=4, J=4, fi=1
D.0O.F.=3x%x3)—(4x2)=1 (8)

The amount of force required to compress the arm is a
function of the equivalent spring constant of all the springs in
this mechanism. The springs are located between the side
plates in this mechanism with each Sarrus linkage including
up to four identical springs acting in parallel while the Sarrus
linkages act in series with each other. The equivalent spring
constant for this mechanism can be calculated from Equation

9).

_ (Nsxk)

ktotal - NL (9)

N; = Number of sarrus linkage
Ng = Number of springs per linkage

k = Spring constant

To have a similar extension/collapse between the Sarrus
linkages in mechanism during motion, the force between each
linkage has to be balanced in the whole structure. Therefore,
each Sarrus linkage have to have same number of springs with
a similar constant coefficient, and therefore, the equivalent
spring constant for each Sarrus linkage would be the same and
the distance each linkage collapses will be equal too.

IV. PROTOTYPE

After motion analysis and simulation in SolidWorks, a
prototype of this arm was constructed from ABS to test the
functionality of the design. The design for the prototype
follows a slightly altered pattern. This new pattern was used
to accommodate the current springs and was in an attempt to
ensure the strength of the joints during testing. However, these
changes did not enough improve the performance of the
mechanism. To provide the required force to extend the arm,
torsion springs were used on the hinges. However, these
springs did not span the full angle necessary to move the arm
to full extension. At maximum length, the prototype could
reach roughly 33 cm from the center of the first main plate to
the center of the final main plate. In the collapsed position, the
size of the arm is roughly 10.2 cm, meaning the entire arm has
an extension ratio of a little over 3 to 1. The arm’s operation
proved controllable via rotating the pulley located on the first
main plate. The motion of this prototype between fully
extended to completely collapsed position is shown in Fig. 7.

Fig 7. The motion of the prototype of the arm A) fully extended B)
middle of motion C) completely collapsed



V. RESULTS AND DISCUSSION

This mechanism has been designed based on two
parameters: minimum required space and minimum weight.
These parameters are critical for designing robotic arms for
UAVSs. The ratio between the minimum and maximum height
of the arm is the key trait for efficient use of space. In this
mechanism which includes four Sarrus linkages, this ratio is
more than 3 which is acceptable. On the other hand, one of the
main sources of weight in robotic arms is the actuation system.
To minimize the total weight of the arm, this mechanism was
designed to be able to operate with a minimum number of
actuators. As has been shown the Sarrus linkage has one
D.O.F. and requires only one actuator to move.

The arm demonstrated an expected behavior. In general
and based on design requirements, this arm can satisfy the
aims of this project. This arm, because of the presence of
torsional springs between the side plates, initially was in a
stretched state. The arm operated with one degree of freedom,
which was controllable via the rotation of the pulley. Each
linkage compressed an equivalent amount as the arm
collapsed. Because of using springs with a high constant
value, in this prototype, each linkage is operated by only two
springs. To switch the state of the arm from stretched to a
collapsed position, an external force is required. According to
the degree of freedom of the mechanism, this arm can operate
with a single servo motor that is connected to a pulley-cable
system. One end of the cable is connected to the end main
plate and the other end of it is connected to the pulley. When
the pulley rotates, the cable will be wrapped around the pulley
and the force from the cable will overcome the force of the
springs, forcing the arm to collapse. Another considerable
advantage of this design is the control over the amount of the
extension of the arm. Due to each Sarrus linkage being
operated by only two springs, the equivalent spring force can
be found from (10).

ktotal -

(Nsgxk) _ 2k

2= 0.5k (10)

After simulation analysis in SolidWorks, in the actual tests
of the prototype, the pulley was released properly and the arm
extended to the rest position in response to the force applied
by the springs. Although the prototype of the arm performed
well in the actual tests, some changes can be made to this
design to improve the performance of the system.

First of all, the springs have to be changed. The current
springs have a rest angle of roughly 90 degrees while the
hinges between the side plates have to be able to rotate to
about 180 degrees to reach the fully extended position. Also,
the used springs are with a high spring constant, if they are
replaced by softer springs with a lower constant value,
controlling the arm would be easier to collapse. In addition,
because of a high spring constant, the springs have been used
only on two sides of the Sarrus linkages. Utilizing softer
springs on all four sides would result in much smoother
motion. Even with only using these springs in half of the
linkages, the arm still returns very quickly to the rest position,
the pulley requires significant torque to pull the arm closed,
and the pins are under significant stress. In the final design,
using the softer springs with a complete range of motion for
the side plates (a little less than 180 degrees) would be
preferable. The maximum range of motion for the hinges has
to be less than 180 degrees because this is one of the

mechanical singularity positions and must be avoided [11],
[12]. This position is shown in Fig. 8.

Second, the design can be optimized to reduce weight and
better resist stress. This prototype is designed only to
demonstrate the mobility and proof of operation of the arm.
During the test of this prototype, it was observed that some
parts of the arm were over-reinforced while some others were
weak. The side and main plates with thicknesses of 0.81 cm
and 0.89 cm respectively, demonstrated no signs of bending
or stress. In contrast, each pin — sized to fit the springs — had
a diameter equal to 0.33 cm and had less strength than the rest
of the mechanism. Bending in the pins could often be observed
when the arm was fully collapsed. Over time, after a few
dozen complete motion tests, several pins failed and needed to
be replaced! By optimizing each piece based on weight and
the stresses, it experiences, an arm with minimum weight and
higher strength can be designed. An alternative solution would
be to use other materials like various Aluminum alloys in
different parts of the mechanism.

Third, in addition to optimizing for weight and stress, the
design can be optimized for better efficiency. Each side plate
was hinged to allow the arms of the spring to maintain
constant contact with them throughout opening and closing.
However, this necessitated the hinges being offset from the
edge of the side plates, resulting in significant extra space
between the side plates in the closed position.

In addition, in the current design, each connection between
the main plate and side plate has been secured by a separate
pin. Each main plate (excepting the end-plates) is connected
to two side plates from the sides, and therefore, it needs two
pins per side. As such, the effective thickness of the main
plates was greater than what was structurally necessary. In this
situation, the collapsed length is described by (11).

Collapsed Length = (N, — 1) X ((2 X t5) + t3,) (11)
N, = Number of Base Plates
tg = thickness of side Plates

t, = thickness of base Plates

If a single pin is used to connect two side plates to the main
plate, then t, will be equal to zero, and the equation (11)
simplifies to equation (3). Utilizing a single pin at the
connection between the main plates to the side plate, coupled
with designing the side plates to incorporate the arms of the
springs will result in extra space between the plates in the
collapsed position being removed. In this situation, the main
plates will be in contact with one another. These two changes
will allow the arm to collapse with a minimum required
length.

Fig 8. Singularity in the Sarrus linkage, caused by the central pin being
offset from the side plates. Maximum extension occurs when the red circles
are tangent



In Fig. 8, the pattern of motion for mechanism and plates
using a single pin between side and main plates, are shown
with red dash lines and arcs.

The last possible improvement is related to singularities
avoidance. The side plates can be shaped to prevent
singularity positions. In the collapsed position, although the
side plates are parallel to each other, the singularity will not
happen because of the presence of the springs. However, a
singularity can happen in the fully extended position. The
maximum extension of the arm will happen when the three
pins are in line with each other (two pins between side plates
and top/bottom main plates and one pin between side plates).
On the prototype, maximum extension occurred at roughly
157.6 degrees. However, the hinge can extend beyond 157.6
degrees; it is able to open to a full 180 degrees, which is a
singularity position. Howbeit, on this prototype, due to
insufficient range of applied force by the springs, at the point
of maximum extension, this singularity occurred irregularly.
If the springs are replaced by ones with a greater rest angle as
previously mentioned then a singularity will occur whenever
the hinges are allowed to extend beyond their equilibrium
point. As such, each hinge will need to be optimized so that it
cannot rotate beyond the point of maximum extension.
Furthermore, at maximum extension, the arm exists in a
position of unstable equilibrium.  This is a potential
singularity point as well if the forces acting on the arm act
perfectly down the length of the arm. Although during testing
the prototype, none of the hinges demonstrated a singularity
due to unstable equilibrium, it is theoretically possible.
Limiting the rotation of the hinge so that it is limited to an
angle slightly less than maximum extension, would help to
ensure that the pulley is reliably able to extend the arm. In the
final design, all of these points will be considered in order to
produce an optimized design.

VI. CONCLUSION

In this research, a foldable mechanism for using as the arm
for UAVs was studied. Sarrus linkages allow for the creation
of foldable structures that possess a single degree of freedom.
By stacking multiple linkages end to end, it is possible to
create a structure that can extend from a compact, short
configuration, to one of considerable length. Due to the
structure maintaining a single degree of freedom, it is possible
to control the extension of the structure via a single actuator
and spring forces. Such a structure has the potential to be used
as a lightweight and efficient arm for autonomous aerial
vehicles that focuses simultaneously on saving weight through
the minimal use of actuators and optimizing. Such an arm
would allow a UAV to perform simple but important tasks
such as sampling, without requiring to carry some more
complex and heavier arms. As such, operators could utilize
smaller drones, or utilize larger drones with a minimal impact
on flight characteristics. In this work, a simulation of this
design was analyzed in SolidWorks, a prototype of this design
was built and successfully tested. Finally, some suggestions
for improvement of this design were presented.
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